Chin. Phys. B Vol. 29, No. 11 (2020) 114209

Efficient and multifunctional terahertz polarization control device
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Terahertz polarization devices are an important part of terahertz optical systems. Traditional terahertz polarization
devices rely on birefringent crystals, and their performances are limited by the material structures. In this work, we theo-
retically demonstrate that the metamaterial consisting of the medium and the periodic metal band embedded in the medium
can control broadband polarization effectively. The transmission length of the subwavelength waveguide mode gives rise
to a broadband transmission peak. The resonant cavity structure formed by the dielectric layer and the waveguide layer
possesses a high transmission efficiency. By optimizing the metamaterial structure parameters, we design a high-efficient
(> 90%) quarter-wave plate over a frequency range of 0.90 THz-1.10 THz and a high-efficient (> 90%) half-wave plate
over a frequency range of 0.92 THz-1.02 THz. Besides, due to the anisotropy of the structure, the metamaterials with the
same structural parameters can achieve the function of the polarized beam splitting with an efficiency of up to 99% over a
frequency range of 0.10 THz-0.55 THz. Therefore, the designed metamaterial has a multifunctional polarization control
effect, which has potential applications in the terahertz integrated polarization optical system.
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1. Introduction

Polarization is a fundamental characteristic of electro-
magnetic waves. Polarization-dependent devices are the cru-
cial components in many optical systems. They have a wide
range of applications in imaging systems,!=3! biosensing, 6]
and communications.[”® The traditional polarization con-
trolling method relies on the birefringence effect of optical
crystal. Owing to the difference in the refractive index of
the optical crystal between orthogonal polarization compo-
nents during their propagation, a relatively thick device is
needed to obtain an enough phase difference thereby control-
ling the the polarization. The limitations of traditional opti-
cal crystals include narrow operating bandwidth, large loss,
and large device size. For terahertz waves, the traditional
polarization controlling method can no longer keep up with
the rapid development of terahertz technology. To overcome
these limitations, some artificial structures such as reflective
arrays,1%-12] gratings,[13-161 and multilayer structures can be
used to achieve terahertz polarization control.!'”-18] However,
these structures are difficult to achieve in terms of operating
bandwidth, efficiency, and optical path design, and have a sin-
gle function. The alternative to polarization regulation at ter-
ahertz frequencies is to use metamaterials. The emergence of
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metamaterials provides the possibility to solve the above prob-
lems.

Metamaterials are new optical materials consisting of
arrays of periodic sub-wavelength structures. Due to their
unique ability to regulate and control electromagnetic fields,
they have attracted much research attention. This new type
of artificial material mainly flexibly controls the optical re-
sponse characteristics of metamaterials by designing the struc-
ture, material, and size of the sub-wavelength array to control
the characteristics of the optical field amplitude, phase, and
polarization. In the previous researches, metamaterials with
various functions have proven to be able to manipulate the
light field from microwave to ultraviolet band. It is partic-
ularly crucial to manipulate the light regulation in the tera-
hertz frequency. In the terahertz frequency range, natural ma-
terials have weaker responses to terahertz waves and higher
losses. It is difficult to use natural materials to make tera-
hertz wave control devices. The natural material correspond-
ing to the terahertz band is required to have a relatively long
propagation distance to realize the regulation of the terahertz
wave. The working band corresponding to the crystalline ma-
terial is fixed. Natural terahertz materials have the disadvan-

tages of narrow bandwidth, non-adjustability, and bulk. In the
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terahertz band, metamaterials can control the propagation of
light waves on the structure surface and the surrounding free
space. They also have the advantages of high efficiency, easy
preparation, and easy integration. With the rapid develop-
ment of terahertz technology, metamaterials are ideal candi-
dates for various functional devices in terahertz systems. In
recent years, the polarization-related terahertz devices based
on metamaterials has been reported. For example, the use
of metal resonators to form wave plates,!°-! planar chiral
materials,>>>° magneto-optical films,?*?’! and multilayer
metal metamaterials.?83°1 These researches pave the way for
achieving the multifunctional terahertz polarization control.

In this work, we design a metamaterial structure consist-
ing of a metal waveguide array wrapped in a medium. In the
structure, the surface plasmon is still excited. The upper and
lower medium layer and the waveguide layer of this struc-
ture form a resonant cavity structure so that efficient polar-
ization control can be achieved in a wide frequency range. In
the metamaterial structure, the effective refractive index dif-
ference between the TE and the TM modes corresponding to
waveguide transmission is much higher than the birefringence
difference in a traditional optical crystal. The width of the
medium can adjust the relative phase delay between the TE
mode orthogonal polarization component and the TM mode
in the metamaterial and the transmission length of the waveg-
uide. Therefore, by optimizing the structural parameters, we
can design a high-efficient (> 90%) quarter-wave plate over
a frequency range of 0.90 THz—1.10 THz and a high-efficient
(> 90%) half-wave plate over a frequency range of 0.92 THz—
1.02 THz. Besides, in the low-frequency band (0.10 THz—
0.55 THz), when the incident light is of TM polarization, the
width of the metal strip is less than the wavelength. Because
the Ewald—Oseen field is weak which is generated by elec-
trons, most of the light is transmitted.!! When the incident
light is TE polarization, the electrons move along the length
of the grating without restriction, and most of the light is re-
flected. Using metamaterials with the same structural parame-
ters can achieve the effect of polarization beam splitting, with
an efficiency of up to 99%. This versatile polarization con-
trol device has many potential applications in terahertz optical
systems.

2. Model structure

Figure 1 shows a schematic diagram of a high-efficient,
broadband terahertz polarization device. The metamaterial
consists of a periodic waveguide array embedded in the dielec-
tric material. The metal material is aluminum, and the dielec-
tric material covering the metal strip is Topas. The width of the
metal is w =5 um, the height is a = 250 um, the spacing of the
metal strips is d = 175 pum, and the metal strips are arranged
periodically in the x direction. The incident wave propagates

in the positive direction of the Z axis. The TE polarization
incidence means that the polarization of the incident light is
parallel to the metal strip, that is, along the Y direction and the
TM polarization means that the polarization direction of the
incident light is perpendicular to the metal strip, that is, along
the X direction. The spectral response of the structure is cal-
culated by the finite element method. Since the length of the
structure in the Y direction is much larger than the wavelength,
the calculation unit here is simplified into a two-dimensional
model in the XZ plane. Periodic boundary conditions are ap-
plied in the X direction, and perfect matching is applied in the
Z direction. The dielectric constant of aluminum is cited from
Ordal’s work,*?! and the refractive index of Topas is taken to
be 1.53.33!

Fig. 1. (a) Three-dimensional schematic diagram of metamaterial, and (b)
cross-sectional view of structure in XZ plane.

3. Results and analysis

Under TE and TM polarization incidence, the transmis-
sion spectral response of metamaterial is shown in Fig. 2. In
the frequency range of 0.80 THz—-1.10 THz, the transmittance
is higher than 90%.

For better understanding the reason for the high transmit-
tance of the metamaterial structure, we separately analyze the
TE- and TM-mode transmissions. In the metamaterial case,
the waveguide structure is covered by the dielectric material.
The effective refractive index of the waveguide array is differ-
ent from the refractive index of the upper and lower dielectric
material, and the three-layer structure constitutes the resonant
cavity. Therefore, Fabry—Pérot (FP) resonance characteristics
appear in the transmission spectrum. As shown in Fig. 3, the
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transmission peak at a TE incident frequency of 0.85 THz is
for low-order FP resonance. There is an asymmetric reso-
nance peak caused by Rayleigh anomaly at 1.06 THz. For
the incident wave with a frequency in a range of 0.80 THz—
1.20 THz, the corresponding vacuum wavelength is in a range
of 375 pm-250 pm. The transmission peak of the FP peak
is usually very steep, but the length of the equivalent cavity
here is less than the vacuum wavelength, and the correspond-
ing FP resonance order is lower. The TE mode can obtain a
higher transmission in a broader frequency range. As shown
in Fig. 4(a), for the TE mode, as the waveguide pitch be-
comes narrower, the resonance peak moves toward the high-
frequency range, and high-order FP resonance occurs. As
shown in Fig. 4(b), as the transmission distance of the waveg-
uide array becomes longer, the resonance mode corresponding
to the FP cavity will move toward a low-frequency direction,
and high-order FP resonance will also occur. As the TE in-
cident high-order FP mode gradually approaches to the cut-
off wavelength, the transmittance in this mode gradually de-

creases.
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Fig. 2. Metamaterial transmission spectrum under TE and TM polarization
incidences.

Fig. 3. Electric field distribution in waveguide when TE is incident with
waveguide length being 250 pum, metal strip 5 um, medium width 175 pum,
and incident wave frequency 0.85 THz.
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For the TM mode, there is no cutoff wavelength. The
transmission process of the terahertz wave in the metal waveg-
uide includes the direct transmission of the terahertz wave in
the waveguide and the abnormal transmission caused by the
When the TM-polarized
light passes through the waveguide array, the electric field

surface plasmon polarized wave.

component perpendicular to the metal surface will excite

the surface plasma wave. It will propagate along the metal
sidewall to the other end of the waveguide and couple out.
Therefore, a part of the TM-polarized light enters into the
medium space, and the other part is coupled to the surface
plasmon to propagate along the metal surface and finally can
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Fig. 4. Plots of TE-polarized light transmittance versus frequency for
different (a) medium widths and (b) waveguide transmission lengths.
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propagate along the metal sidewall to the other end of the
waveguide. Though the propagation length of the waveguide
increases, the TM transmittance does not change much and the
TM transmittance has no evident dependence on the medium
width d between the metal strips. As shown in Fig. 5, the
transmittance of TM is higher than 98%.

In addition to the structural parameters, the dielectric
property of the dielectric layer in the structure is also a prop-
erty that we must discuss. For the TM mode, the refractive in-
dex change of the dielectric layer has little effect on the change
of its transmittance. Here we focus on TE mode. As shown
in Fig. 6, when the refractive index of the dielectric layer in-
creases, the transmission peak moves in the low-frequency di-
rection; when the refractive index of the dielectric layer de-
creases, the transmission peak moves in the high-frequency
direction. This is similar to the dependence of the waveguide
mode on the refractive index of the dielectric layer. There-
fore, when designing related devices, the refractive index of
the medium is one of the factors that must be considered. If
a dielectric material with a refractive index different from the
refractive index of Topas is used as a dielectric layer, the struc-
tural parameters need to be redesigned and optimized. The
spectral response of the waveguide cavity is determined by
the refractive index and structural parameters of the dielectric

layer.
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Fig. 6. Plot of TM-polarized light transmittance versus frequency at differ-
ent medium refractive indices.

For a quarter-wave plate, it is necessary to satisfy that
the amplitude ratio of the orthogonal polarization compo-
nent is within 1+ 0.1, and the transmission phase difference
between the orthogonal polarization components is within
90° £ 10°.13% As shown in Fig. 7(a), in the range of 0.90 THz—
1.10 THz, the transmittance of TE- and TM-polarized inci-
dences both exceed 90%, and the transmission phase differ-
ence is within 90° £ 10°, which fully meets the requirements
for quarter-wave plates. To obtain ideal circularly polarized
transmitted light, we further confirm the performance of the
quarter-wave plate. We verify the polarization properties of
the transmitted light through the calculation of the two param-
eters: ellipse angle and ellipticity. The ellipse angle ¢ is used

to determine the ellipticity, thereby determining the transmit-
ted light’s polarization state. The ellipticity ¥ is the amplitude
ratio of the orthogonal electric field components expressed in
formulas (1) and (2):[3]

I 2B |E|sin(Ap)

{ = - arcsin e))
2 I+ |y [
|Ex|

X=171 2
||

where Ey and E, indicate the electric field amplitudes of the
TE- and TM-polarized waves, respectively, and A@ represents
the phase difference.

We can see that in the frequency range of 0.90 THz-
1.10 THz, the value of { fluctuates in a range from 40° to
45°, and the calculated ) exceeds 0.9 as shown in Fig. 7(b).
Therefore, we can draw a conclusion that this metamaterial
structure can realize the function of the quarter-wave plate in
the above waveband, and can obtain perfect circularly polar-
ized light with an efficiency of more than 90%.
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Fig. 7. (a) Plot of linear transmissivity TM + TE and phase difference be-
tween electric field components TE and TM versus frequency for designed
quarter-wave plat. (b) Plot of calculated ellipticity angle ¢ and ellipticity x
versus frequency.

As the waveguide pitch d decreases, the transmission
phase difference between the TE and the TM modes will grad-
ually increase from 7/2 corresponding to the quarter-wave
plate to & corresponding to the half-wave plate. Changing the
waveguide transmission length a can also change the phase
difference between the TE and TM modes. Therefore, an
efficient half-wave plate function can be achieved by chang-
ing the metamaterial structure parameter metal spacing d or
waveguide transmission length a. By further optimizing the
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structural parameters of device, we obtain a half-wave plate
with high transmittance and broadband operation. We set the
structural parameters of the metamaterial to be a = 290 pum,
d = 140 um, and w = 5 pum. It can be seen from Fig. 8(a) that
over the frequency range of 0.92 THz-1.02 THz, the ampli-
tude ratio of the orthogonal polarization component is 1 £0.1,
which is within the allowable range. The value of the phase
difference A¢ in the entire bandwidth is within the range of
+180° 4 10°.13¢] The transmitted linearly polarized light ro-
tates 90° relative to the incident linearly polarized light. It
can also be seen from the sum of the transmittance values of
the orthogonal electric field components that the overall effi-
ciency of the half-wave plate we designed over the band range
of 0.92 THz to 1.02 THz is higher than 90%. To prove the
obtained results more intuitively, we use the following for-
mulas (3) and (4) to calculate the polarization rotation angle
YW and the linear polarization degree DoLP of the transmitted
light: 133!

2|Ex| |Ey| cos(Ap)

1
Y = —arctan

3)
2 ‘Ex|2+|Ey|2
E L —|E,|)2+ 2|E.]|E,|cos(Ap))?
e VO B2+ Glmls oo
|Ex|” + | Ey|

The polarization rotation angle is defined as the angle between
the direction of the transmitted photoelectric field vector and
the x-axis direction. The degree of linear polarization is an
important parameter used to measure the degree of linear po-
larization of a light beam. Generally speaking, when the de-
gree of linear polarization is higher than 0.9, we think it is
a perfect linearly polarized light. As shown in Fig. 8(b), we
can see that the DoLP value of the transmitted light is higher
than 0.9 in the frequency range of 0.92 THz-1.02 THz, which
shows that the obtained transmitted light is perfect linearly po-
larized light. Also, it can be seen that the value of ¥ is —45°
over the entire bandwidth. Therefore, the designed device has
high-efficient half-wave plate performance, and can orthog-
onally convert the polarization direction of incident linearly
polarized light within a 0.10-THz bandwidth.

Generally, the spectral response characteristics based on
metal metamaterial strongly depend on the metal material
used. It is caused by the difference in the free electron den-
sity and effective mass between different metal materials, and
the corresponding surface plasmon resonance frequency is
changed. However, the realization of the wave plate func-
tion in this metamaterial does not rely on surface plasmon
resonance. The metal material here only exists as a high-
reflection layer, which has an optical limiting effect in the ver-
tical waveguide transmission direction. The optical response
of the waveguide resonator is determined solely by the width
of the metal strip and the medium’s refractive index,and less

affected by the type and width of the metal material. So we
use cheap metal aluminum materials, and within the allowable
range (longer than metal skin depth), the narrower the width
of the metal strip, the better the optical response will be.
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Fig. 8. (a) linear transmissivity TM + TE and phase difference between elec-
tric field components TM and TE versus frequency for designed half-wave
plat. (b) Plot of calculated PRA and DoLP versus frequency.

In addition, this metamaterial also has a function of
the polarization beam splitting in the low-frequency terahertz
band. When the incident frequency is low, the incident light
wavelength is much larger than the metal strip pitch. The
wavelength of TE mode is longer than the cutoff wavelength of
the waveguide mode. In the Y direction, the length of the metal
strip is much longer than the wavelength. The electrons move
in the Y direction along the metal strip. The conduction elec-
trons are excited and oscillate back and forth, and none of their
movements is constrained. The Ewald—Oseen radiation field is
generated. The advance directions of the radiated field and the
TE wave cancel out. The physical response of this material is
similar to that of a thin metal plate. Most of the TE incident
light is reflected. For TM, there is no cutoff wavelength, and
the width of the metal strip is much smaller than the wave-
length, resulting in a feeble Ewald—Oseen radiation field. The
electric field polarization of the TM wave is perpendicular to
the metal strip, and the surface plasmon mode is excited. It
propagates to the other end of the waveguide together with the
TM incident wave directly coupled into the waveguide and has
a high transmittance. When the metamaterial structural param-
eters are consistent with the quarter-wave plate (a = 250 um,
d =175 um, w = 5 um), the resulting spectral response results
are shown in Fig. 9(b). In the range of 0.10 THz-0.55 THz,
both TE reflection efficiency and TM transmission efficiency
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rise up to 99%. It can be seen that this metamaterial structure
can realize multifunctional terahertz polarization control.
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Fig. 9. (a) Schematic diagram of polarization beam splitter. (b) Plot of
transmittance and reflectance versus frequency for TE and TM incidences.

4. Conclusions

In this work, the metamaterial structure formed by em-
bedding metal strips in the medium realizes the multifunc-
tional polarization control effects such as waveplates and po-
larization beam splitting. We obtain broadband (0.90 THz-
1.10 THz) quarter-wave plates based on the waveguide mode
in the metamaterial and improve the efficiency (> 90%) based
on the enhanced transmission mode of the resonator. Accord-
ing to the same principle, we design a broadband (0.92 THz—
1.02 THz) and high-efficient (> 90%) half-wave plate. Be-
sides, this metamaterial structure has a polarization beam split-
ting effect over the range of 0.10 THz-0.55 THz, and the ef-
ficiency reaches a value as high as 99%. Compared with the
polarization control devices of other metal metamaterials, the
metamaterial structure in this work possesses the advantage of
low requirements for metal materials and dielectric materials,
high broadband efficiency and multiple functions, which has
broad prospects of applications in polarization modulation in
terahertz optical systems.
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